We describe our Intelligent Star Tracker System. The Intelligent Star Tracker System incorporates an adaptive optic catadioptric telescope in a silicon carbide housing. Leveraging off of our active optic technologies, the novel active pixel position sensors (APPS) enable wide dynamic range and allows simultaneous imagery of faint and bright stars in a single image. Moreover, the U P S , in conjunction with the adaptive optics technologies, offer unprecedented accuracy in altitude and navigation applications.
ATTITUDE DETERMINATION
The most obvious application for the Intelligent Star Tracker is star tracking for spacecraft attitude determination. To assess the true star density in the Intelligent Star Tracker FOV we will use our Space Technologies Applied Research Laboratory (AFRL StarLab) to produce accurate star patterns. AFRL has already set this up for adaptive optics purposes. The AFRL StarLab also provides a convenient method to accurately test the Intelligent Star Tracker with accurate star densities.
CATADIOPTRIC TELESOPE
As shown in figure 1, our novel Intelligent Star Tracker incorporates a totally new optical design which consists of a high high-resolution adaptive optic telescope folded into a single low cost, Silicon Carbide structure. There are several catadioptic telescopes that could be used in a star tracker. Figure 1 illustrates the Intelligent Star Tracker using a MatsutovBouwers configuration. Other catadiopptic telecopes include Schmidt-cassegrain, and Baker-Schmidt. In each of these catadiptrk *Dept. Electrical Engineering, New Mexico State University, Las CrucesNM 88003 telescopes uses a full-aperture refracting element to provide the aberration correction needed to get good imagery over a wide field.
SILICON CARBIDE TELESCOPE
The dramatic difference in weight between conventional and S i c optical systems has led to Sic material being applied to a number of optical applications associated with next generation remote sensing concepts.
S i c material have a number of bulk property advantages, very high specific stiffness and outstanding thermal stability, which makes it particularly well suited for the Intelligent Star Tracker system. The superior thermal stability in conjunction with the outstanding specific stiffness, make Sic ideally suited for star trackers. S i c provides excellent light-weighting capabilities (approximately 80% of beryllium.), and is 50% the hardness of diamond. Historically, there are two problems associated with CVD Sic materials: (1) weighting geometries need to be machined in place. Such machining is costly and time consuming. We plan on using a castable form of Sic as a reflector substrate material. Cast Sic parts are formed by pouring a slurry of Sic powders and water into a reusable mold. The mold can be very complex, as is needed for the folded up catadioptric telescopes. This enables the intricate folded telescope design to be formed directly without the need for costly and time consuming machining. Finally, this Sic technique has excellent polishability since the mirrors can be formed with a surface RMS roughness less than lambdal20. Moreover, our analysis indicates that the optical head has a small recurring cost of approximately $15k.
ADAPTIVE OPTICS
Assuming no distortion of the stars, the matching of unit-sphere-projected Airy patterns is simply a matter of finding the correct three dimensional rotation which causes the two sets to match. All stars can be represented with Cartesian coordinates and quaternions are used to represent the rotations. Conceptually, a quaternion is a quadruple consisting of a threedimensional vector and rotation about that vector.
The micro-mirror, in conjunction with computational techniques, can then be used to compensate for geometric and spectral aberrations and effects. Geometrical aberrations are induced by pressure, acceleration, and temperature affects. Although silicon carbide has outstanding tolerances, there are some residual distortions that can be compensated for by the adaptive optics and intelligent processing. For enhanced robustness, accuracy and bandwidth we propose using algebraic coding theory techniques for star pattern recognition.
AFRL has developed novel method of using algebraic coding theory for pattern recognition. Algebraic coding theory enables better accuracy because of embedded redundancies. Moreover, our innovative algebraic coding theory techniques are inherently parallel and thus enable over a 10-fold improvement in bandwidth of conventional pattern recognition techniques. Most pattern matching techniques used in star tracker compute the quaternion that has the smallest aggregate R M S error. Such techtuques do not necessarily provide the quaternion that is best for heading determination. Errors in particular star positions may be caused by overexposed star images. They can also arise from incorrect estimation of lens focal length or optical aberrations. Our novel method uses adaptive optic techniques in conjunction with clever processing to ensure optimal accuracy.
MOEMs MICROMIRRORS
The Air Force Research Laboratory currently has a test die containing an 8x8 piston mirror array in fabrication in the four-layer planarized SUMMiT process at Sandia National Laboratories. Testing of this and follow-on arrays will yield a final array with optical and electrical characteristics which far exceed any piston micromirror currently available in any laboratory. Figure 2 shows the 8x8 mirror array test die, which also contains test structures for several AFRL research efforts. The main array occupies the center of the die and is connected to the outside tier of bond pads. SUMMiT has a combination of features not found in other MEMS fabrication processes, such as a chemical-mechanically polished upper surface, 1 micron design rules, and four releasable layers, One of these layers is only 1 micron thick, allowing extremely low drive voltages. Current 4-flexure mirrors can be designed for actuation at less than lOV, making it possible to dnve them with standard CMOS circuitry. The multiple releasable layers allow all of the wiring and flexures to be completely hidden under the polished optical surface, resulting in near-optimum active mirror area coverage. This is an important consideration not only for optical efficiency, but also in applications where stray light leakage into the mechanism limits power handling capability.
The multiple layers also allows us to shield the wiring so the optical surface can be metalized after the release etch. Thus the optical surface of choice can be deposited without concern over its survival through the harsh release etch. Another advantage of post-release metalization is that the entire active area is covered, unlike drawn metal which requires a margin between the edge of the metal and the edge of the polysilicon upper plate. These capabilities, coupled with the hidden-flexurelpost metalization design techniques, give the 8x8 test array of 100 micron square mirrors an active area'coverage of 97.7%. This high active area coverage offers unprecedented to diffraction-limited imaging with minimal light loss. Refering to figure 2, note that only mirror surfaces are visible, and the only area lost is due to the 1 micron gaps between the mirrors, the etch holes, and the anchor posts. Ths array has an active area coverage of 97.3%, and there are no topological effects from the underlying layers. active mirror surface coverage. The layers left to right are: Poly0 layer used for wiring throughout the array; Poly1 used for the flexures because it is the thinnest layer, poly1 is also used for metalization gutters (square frames surrounding the spiral flexures) to prevent post-release metalization from shorting the wiring; Poly2 is used for the lower electrode of the electrostatic actuator; Poly3 forms the upper electrode and is also the planarized surface -note the total lack of topological effects at this level.
ACTIVE PIXEL POSITION SENSORS
Our active pixel position sensors (APPS) have several advantages over CCD and traditional Active Pixel Sensors (APS). Our APPS offers the advantage over CCDs in including two orders of magnitude less power consumption and less susceptibility to radiation damage. Like APS sensors, our APPS can be directly accessed, simplifylng the camera system design and enhancing its capabilities.
Also like APS sensors, our APPS sensors are substantially cheaper to produce (in quantity) than traditional CCDs, and allow for reduced component count. Figure 3 illustrates one very promising APPS detector along with some experimental results that characterize its performance.
As illustrated in figure 3 the Schottky photodetector is not only fast (350 ps rise time) but extremely accurate. Is shown in figure 3, each detector (80 microns in the ones we fabricated for an adaptive optic system) can accurately measure with sub pixel accuracy (less than lorn) a spot displacement that is independent of spot size. We needed such characteristics for our adaptive optic systems, but our preliminary studies indicate that these position sensors are ideally suited for star h-dckers. We are currently investigating these (as well as other) APPS technologies and performing a trade analysis ensuring optimal overall star tracker performance.
Based on experimental results, we will perform trade studies on various architectures that are best suited to the Intelligent Star Tracker. We will then fabricate 64x64 array and a 128 x 128 pixel array. Because of the architecture that a Referring to figure 3, the details of a typical flexure beam piston micromirror which takes full advantage of the SUMMiT capabilities. These 50 micron square mirrors achieve 95.3% single pixel can very accurately track stars, smaller arrays can be used. Moreover, the light form a star does have to be spread over multiple 1.
2. pixels, thus enabling much higher signal to noise and hence more accurate position sensing leading to at least. Moreover, our fixed pattern noise (FPN), temporal noise techniques enhance performance conjunction with the Silicon Carbide telescopes and algebraic coding pattern recognition (for massively parallel pattern recognition and added error correction for enhance accuracy as discussed later) we feel our Intellistar is not only a fact of 10 cheaper, lighter but also will be much more accurate than the current state-of the art. star trackers.
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